Purpose To investigate the association between urinary cotinine levels as an objective biological marker for exposure to nicotine and refractive status. Patients and methods This cross-sectional study analyzed data from the Korea National Health and Nutrition Examination Survey between 2008 and 2011. A total of 1139 Korean adolescents aged 12-18 years were enrolled. Urinary cotinine concentrations and other potential risk factors for myopia were examined. Correlation analyses and multivariate regression analysis were performed to investigate the association between urinary cotinine level and refractive error. Results Spherical equivalent correlated significantly with urinary cotinine concentration (r = 0.104, P = 0.011). Lower urinary cotinine level was associated with a trend toward more myopic refractive errors (P for trend = 0.003). After adjusting for age, sex, area of residence, physical activity, serum 25-hydroxyvitamin D level, parental income level, and receipt of basic livelihood security, subjects with a low urinary cotinine level had a significantly increased risk of myopia o − 0.5 D (odds ratio (OR) 1.95, 95% confidence interval (CI) 1.18-3.21), o − 3.0 D (OR 2.03, 95% CI 1.29-3.2), and o − 6.0 D (OR 2.2, 95% CI, 1.15-4.23) when compared with subjects with a high urinary cotinine level. As urinary cotinine level decreased, the risks of myopia o − 0.5 D, o − 3.0 D, and o − 6.0 D increased significantly (P for trend o0.05). Conclusion A trend toward less myopic refractive error was observed among Korean adolescents with higher urinary cotinine levels. This result provides the epidemiologic evidence implying nicotine as a potential modulator related with refractive development. Further studies with full consideration for myopia-associated risk factors are required to yield clear answers on the direct effect of smoking to the refractive status.
Introduction
Myopia is a complex disorder from both genetic and environmental causes. The prevalence of myopia varies by country and ethnic group. [1] [2] [3] [4] The incidence of myopia has been increasing in several Asian countries, including Korea; therefore, myopia has become an important public health concern. [4] [5] [6] Recent worldwide increases in the prevalence of myopia strongly support a major role for environmental influences rather than genetic contributions in the regulation of ocular growth. 7, 8 A recent population-based study reported that the prevalence rates of myopia (o − 0.5 diopter (D)) and high myopia (o − 6.0 D) among 13-18-yearold Korean adolescents were 80.1% and 8.9%, respectively. 5 This increase in prevalence and severity of myopia as a major public health problem, should prompt political awareness of an 'epidemic' of myopia as a serious problem. 9 The concept that the retina is central to the mechanism regulating emmetropization and underlying refractive errors has been supported. 9, 10 The general roles of acetylcholine signaling through muscarinic and/or nicotinic acetylcholine receptors (nAChRs) and the retinal dopamine signaling pathway have been extensively studied relative to refractive development. [9] [10] [11] [12] [13] [14] Nicotine is a prominent constituent of tobacco smoke. nAChRs play a role from the earliest stages of development of the vertebrate retina to later stages of neuronal growth and synaptogenesis. 15, 16 Pharmacologic blockade of nAChRs affected the development of form-deprivation myopia with a dose-related response in chicks. 13 Several epidemiological studies have shown an inverse relationship between parental smoking and childhood myopia in Caucasian, Egyptian and Singaporean populations. [17] [18] [19] [20] Although the underlying molecular basis to explain the effect of smoking on refractive development has not been clearly elucidated, the laboratory findings with consistent epidemiological associations imply that nAchR signaling would have a potential role to modulate the eye growth and subsequent refractive development.
Smoking status is most commonly self-reported through questionnaires and interviews because they are efficient and convenient to use and have relatively high accuracy. Passive smoking is defined as inhaling a mixture of smoke released by the burning end of a cigarette combined with cigarette smoke exhaled by the smoker. Nicotine can be quantified to correspond to the number of cigarettes smoked and nicotine absorbed by the body is primarily metabolized in the liver to cotinine. 21, 22 Cotinine is a major metabolite of nicotine and has been recognized as the most appropriate parameter to assess tobacco exposure and smoking status due to its high stability and long duration. 21, 22 Urinary cotinine has been used in many epidemiological surveys as an ideal biochemical marker for measuring the level of exposure to tobacco smoke. [23] [24] [25] The purpose of this study was to assess the association between urinary cotinine concentrations as an objective biological marker for exposure to nicotine and refractive errors among Korean adolescents based on data gathered from the Korea National Health and Nutrition Examination Survey (KNHANES) 2008-2011.
Patients and methods

Data source and study participants
The KNHANES is a nationwide, population-based, crosssectional health examination survey that has been conducted regularly since July 1998 by the Division of Chronic Disease Surveillance at the Korea Centers for Disease Control and Prevention and the Ministry of Health and Welfare to monitor the general health and nutritional status of the South Korean population. The KNHANES comprises a health interview survey, nutrition survey, and health examination survey. 26, 27 A stratified, multistage probability sampling design is used to select household units to participate in the survey. This survey has conducted ophthalmologic interviews and examinations with the participation of the Korean Ophthalmological Society since July 2008. 28 Data from the fourth (KNHANES IV-2 and 3, 2008 and  2009) and fifth (KNHANES V-1 and 2, 2010 and 2011) were used to estimate the association between urinary cotinine levels and refractive errors in Korean adolescents (mean study population age, 15.5 ± 0.1 years). Among the 1358 subjects aged 12-18 years who had completed the health examination survey and underwent ophthalmological examinations and measurement of urinary cotinine, 219 were excluded for the following reasons: 27 subjects presented with ocular pathologies (strabismus or amblyopia), 103 subjects were current smokers based on their questionnaire responses, and 89 subjects had a urinary cotinine concentration compatible with active smoking (450 ng/ml). 22 The mean urinary cotinine concentration of 103 current smokers from selfreported questionnaire was 303 ng/ml. Finally, 1139 adolescents aged 12-18 years were included in this study. Since all survey participants were considered minors, their parents signed written informed consent forms. The institutional review board of the Catholic University of Korea approved the informed consents and study protocol in accordance with the Declaration of Helsinki (IRB number: KC13EISI0636). The data are available from the Korean Centers for Disease Control and Prevention (http://knhanes.cdc.go.kr).
Demographic variables
A detailed interviewer-administered questionnaire was administered to collect relevant demographic, socioeconomic, and medical information. Demographic variables, including age, sex, area of residence, parental income, receipt of national basic livelihood security, and physical activity, were obtained through direct interviews conducted according to standardized questionnaires. The participants were categorized into the low-income group if their parental incomes belonged to the lowest quartile. The national basic livelihood security means supplementary benefits to ensure that recipients reached the minimum income guaranteed by the government. Physical activity was estimated from self-reports using the short International Physical Activity Questionnaire modified for the Korean population. 29 Moderate physical activity was defined as a positive answer regarding participation in moderate-intensity physical activity for 420 min per session more than three times per week. Moderate-intensity physical activity was defined as physical activity causing a slight increase in respiration or heart rate for at least 10 min; examples include carrying light loads, cycling at a regular pace, or playing tennis.
Eye
Anthropometric and biochemical measurements
Anthropometric measurements were made in a mobile screening bus 1 week before the interviewers visited the participants' homes. Height, body weight, and waist circumference (WC) were measured according to standard methods. Body mass index (BMI) was calculated as (weight in kilograms)/(height in meters).
2 WC was measured to the nearest 0.1 cm at the narrowest point between the lowest rib and the uppermost lateral border of the right iliac crest at the end of a normal expiration.
Blood samples were obtained after fasting for at least 8 h. Serum 25-hydroxyvitamin D (25[OH]D) concentrations were measured by using gamma counter (1470 Wizard; PerkinElmer, Wallac, Turku, Finland) with a radioimmunoassay (RIA) using a 25(OH)D 125I RIA kit (DiaSorin, Stillwater, MN, USA).
Urine samples were collected from the subjects to measure urinary cotinine concentration. Gas chromatography and mass spectrometry was performed using a Clarus 600 T analyzer (PerkinElmer, Turku, Finland). The urinary cotinine detection limit was 0.26 ng/ml and mean recovery was 98.5%. The coefficients of variation were 3.43-9.11% in 2008, 0.79-8.17% in 2009, 0.48-5.29% in 2010, and 0.34-2.82% in 2011 based on conventional standard control reference materials (ClinChek, RECIPE, Munich, Germany) for internal quality assurance and control. Subjects were categorized into tertiles (T) of urinary cotinine level with age-specific cut-off values.
Ophthalmologic examinations
The participants underwent full ophthalmological evaluations that included non-cycloplegic autorefraction, visual acuity testing, intraocular pressure measurements, slit-lamp examinations, and fundus photographs. An autorefractor-keratometer (KR 8800; Topcon, Tokyo, Japan) was used for all refraction measurements. Spherical equivalents (SE) were calculated as the spherical value plus half of the cylindrical value.
Statistical analyses
Statistical analyses were performed with the SAS survey procedure (version 9.2; SAS Institute, Cary, NC, USA) to incorporate sample weights and adjust the analysis of the complex KNHANES survey sample design. The procedures included unequal selection probabilities, oversampling, and non-responses so that inferences could be made regarding Korean adolescent participants. The statistical analysis was performed only for right eyes. The right and left eye SE correlation was high (Pearson's correlation coefficient (r) = 0.93).
The participants' characteristics are described as means and standard errors for continuous variables and as percentages and standard errors for categorical variables. We used the χ 2 test to examine categorical variables and Student's t-test and analysis of variance to explore continuous variables. Correlation analyses were performed by calculating Pearson's correlation coefficients (r). A scatter diagram was prepared to show the correlation between the degree of refractive error and urinary cotinine level for all adolescents.
Mean SE values according to urinary cotinine levels were assessed by analysis of covariance. We initially performed an unadjusted analysis in model 1 and then adjusted for age and sex in model 2. In model 3, additional adjustment was performed for potential confounding variables, such as area of residence, parental income, receipt of national basic livelihood security, physical activity, and serum vitamin D level. A multivariate logistic regression analysis was performed to estimate the odds ratios (OR) and 95% confidential intervals (CI) for the incidence of myopia o − 0.5 D, o − 3.0 D, and o − 6.0 D in each model described above. A P-value o0.05 was considered significant.
Results
Baseline characteristics of study subjects
A total of 1139 eligible adolescents between 12 and 18 years of age were examined. Table 1 shows the basic characteristics of the study subjects according to urinary cotinine level. Mean refractive errors were − 3.1 D, − 2.8 D, and − 2.2 D in the low (T1), middle (T2), and high (T3) urinary cotinine level groups, respectively (P = 0.002). Sex, age, area of residence, parental income, receipt of national basic livelihood security, physical activity, serum 25(OH)D level, and the anthropometric measures, including height, weight, BMI, and WC were not different among the low, middle, and high urinary cotinine level groups.
Association between urinary cotinine level and refractive errors
The distributions of refractive errors in the SE according to urinary cotinine level are shown in Figure 1 . The prevalence rates of mild (−0.5 to − 3.0 D), moderate (−3.0 to − 6.0 D), and high myopia (o − 6.0 D) were 35.1%, 30.1%, and 14.8%, respectively, in subjects with low urinary cotinine level (T1). A trend toward decreased myopia was observed in subjects with higher urinary cotinine level (P for trend = 0.003). Table 2 shows the mean refractive error values according to urinary cotinine level. The mean refractive error value was significantly less myopic in subjects with higher urinary cotinine level, regardless of adjustment for confounding variables (P for trend = 0.001 in model 1 and model 2, and o0.001 in model 3). Refractive error in the SE correlated significantly with urinary cotinine concentration (Figure 2 ; r = 0.104, P = 0.011). Low urinary cotinine level was associated with a trend toward more myopic refractive errors. 
Discussion
Our results suggest an inverse association between urinary cotinine level and myopic refractive errors in Korean adolescents. Subjects with a lower urinary cotinine level were more likely to be myopic. Urinary cotinine level was an independent factor associated with refractive error after adjustment for potential confounding factors, such as age, sex, area of residence, parental income, receipt of national basic livelihood security, physical activity, and serum vitamin D level.
Myopia is a multifactorial disease with both genetic and various environmental causes for development and progression. 1, 7 Reduced outdoor activity, excessive near work, and a higher education level are major factors associated with myopia. 1, 7, 8 Cigarette smoking has not been a major target of interest with regard to refractive development. Several studies have investigated the relationship between parental smoking and childhood myopia. [17] [18] [19] [20] The first epidemiologic study on this relationship in Singaporean Chinese children aged 7-9 years suggested an association of more hyperopic refractions and maternal smoking, but not paternal smoking. 17 A population-based study in young Singaporean Chinese children aged 6-72 months revealed an inverse relationship between parental (maternal and paternal) smoking and incidence of myopia. 18 Another study including mainly Caucasians and AfricanAmericans from the United States also demonstrated the association of less myopia and more hyperopia refraction with prenatal and childhood exposure to tobacco smoke. 19 These three epidemiological studies were based on questionnaires to obtain information on parental smoking history. A recent Egyptian study using urinary cotinine and the cotinine/creatinine ratio as chemical parameters to assess smoke exposure also found that exposing children to passive smoking might be associated with a refractive error shift toward hypermetropia. 20 Our study is the first large scale population-based study to investigate the association between urinary cotinine level and refractive error in adolescents using nationally representative data. Urinary cotinine concentration was used in our study as a biomarker for exposure to nicotine. Urinary cotinine has been used in many epidemiological surveys as the ideal biochemical marker for measuring the level of exposure to tobacco smoke. [23] [24] [25] Although inverse relationship between urinary cotinine level and myopic status was observed in the present study, it should be considered whether it was resulted from a direct effect of nicotine on refractive development or from a confounding association between parental socioeconomic status (SES) and smoking. The greater prevalence of myopia in population with higher SES factors was observed in a previous Korean study using KNHANES data. 30 A strong negative association between parental SES and smoking has been reported in the previous studies. [31] [32] [33] A recent Korean study using data from another survey also confirmed that lower SES was associated with higher odds of household secondhand smoke exposure in Korean adolescents. 34 Increased parental enthusiasm for children's education in high SES populations could affect the myopic development. Therefore, confounding effects of parental SES on passive smoking may underlie in the inverse association between urinary cotinine concentration and myopia. In the present study using KNHANES data, parental income level and status of receipt of basic livelihood security were selected to adjust parental SES. After adjustment for these potential confounding factors (model 3), subjects with low urinary cotinine levels (T1) also had an increased risk of myopia.
Recent systematic review and meta-analysis reported that fetal exposure to cigarette smoking is risk factor for childhood visual problems particularly in hyperopia, amblyopia, and strabismus. 35, 36 Children whose mother smoked during pregnancy were 1.43 times more likely to suffer from hyperopia compared with children whose mother did not smoke. 35 Intrauterine exposure to maternal smoking may have possibly protecting effects for later development of myopia.
Our findings are consistent with results from previous epidemiological studies and support that nAChRs might play a role in human refractive development. nAChRs are ligand-gated cation channels consisting of pentameric complexes. nAChRs play a role from the earliest stages of development of the vertebrate retina to later stages of neuronal growth and synaptogenesis. 15, 16 Nicotine stimulates retinal angiogenesis, accelerates diabetic retinal changes, alters retinal pigment epithelial cell morphology and function, and modifies electroretinogram responses. [37] [38] [39] [40] [41] [42] The expression of different nAChR subtypes in retinal stem cells and retinal progenitors is specifically distributed and is likely to be differentially regulated throughout retinal development. 43, 44 Visual experience affects the expression of retinal nAchRs during postnatal retinal development in a rat model. 45 The recent confirmation of expression of diverse nAChR subunits in different retinal neuron classes in the Rhesus monkey retina suggests that nicotinic cholinergic signaling in the retina may influence not only visual processing and but also normal ocular growth and resulting refractive development. 41 Nicotinic antagonists affect eye growth, influencing the development of form-deprivation myopia and normal eye growth in young chicks with multiphasic dose-response curves. 13 Future experimental researches are required to reveal whether and how nicotine affects ocular growth and refractive development.
Our study had some potential limitations. The KNHANES was not planned specifically for an ophthalmological evaluation of adolescents. The measurement of refraction was performed without cycloplegia, which led to some over-estimation of the prevalence of myopia in children and younger adults, to the erroneous classification of hyperopic and emmetropic subjects, and to marked errors in the estimation of mean SE in a sample. Although these limitations may have affected the final results, the direction of the association between urinary cotinine level and refractive errors was reliable. Moreover, KNHANES has not collected data on the major risk factors for myopia, such as outdoor activity, near work, academic performance, and educational attainment phenotype of subjects at school and parental myopia and educational level. As outdoor activity or sun exposure duration of adolescent age group was lacked in data of KNHANES, we considered an adjustment of physical activity and serum 25(OH)D level instead of them. Another limitation of this study was the cross-sectional design, as causal relationships cannot be established. As this was an epidemiological study, the underlying mechanism concerning the association between passive smoking and the development and progression of myopia was unknown. Nonetheless, the great strength of this study is that it is the first study to assess the association between urinary cotinine level as a chemical biomarker for exposure to nicotine and refractive errors among nationally representative data with a relatively large sample size. Further studies using cycloplegic refraction with consideration for myopia-associated risk factors for the child and adolescent participants are required to yield clear answers on the effect of smoking to the refractive status.
In conclusion, a trend toward less myopic refractive error was observed among Korean adolescents with higher urinary cotinine levels. This population-based study extends the previously observed association between passive smoking and refractive error in adolescent age group, and implies nicotine as a potential modulator related with refractive development. However, this inverse relationship should be interpreted with considering that it could still be confounded as many of confounding factors which were not measured in this study. Further studies are warranted to better understand the role of nAChRs in refractive development that may help to establish the targeted strategies for prevention of myopia.
